Objective: Consumption of a high-fat (HF) diet is a contributing factor for the development of obesity. HF diet per se acts as a stressor, stimulating hypothalamo-pituitary-adrenal (HPA) axis activity resulting in elevated glucocorticoid levels; however, the mechanism behind this activation is unclear. We hypothesized that consumption of an HF diet activates HPA axis by increasing norepinephrine (NE) in the paraventricular nucleus (PVN) of the hypothalamus, leading to elevation in corticotrophin-releasing hormone (CRH) concentration in the median eminence (ME) resulting in elevated serum corticosterone (CORT). Subjects: To test this hypothesis, diet-induced obese (DIO) and diet-resistant (DR) rats were exposed to either chow or HF diet for 6 weeks. Measurements: At the end of 6 weeks, NE in the PVN was measured using HPLC, CRH in the ME, and CORT and leptin levels in the serum were measured using RIA and ELISA, respectively. The gene expression of tyrosine hydroxylase (TH), the rate-limiting enzyme in NE synthesis, and leptin receptor in brainstem noradrenergic nuclei were also measured. Results: HF diet increased PVN NE in both DIO and DR rats (Po0.05). However, this was accompanied by increases in CRH and CORT secretion only in DR animals, but not in DIO rats. Leptin receptor mRNA levels in the brainstem noradrenergic areas were not affected in both DIO and DR rats. However, HF diet increased TH mRNA levels only in DIO rats. Conclusion: Significant differences occur in all the arms of HPA axis function between DIO and DR rats. Further studies are needed to determine whether this could be a causative factor or a consequence to obesity.
Introduction
It is well established that high-fat (HF) diet is one of the contributing factors for the development of obesity. One of the possible mechanisms by which feeding an HF diet could promote obesity is by activation of the stress axis. The stress axis or the hypothalamo-pituitary-adrenal (HPA) axis is comprised of corticotrophin-releasing hormone (CRH) neurons located in the paraventricular nucleus (PVN) of the hypothalamus, corticotrophs in the anterior pituitary that secrete adrenocorticotropic hormone, and the adrenal cortex that secretes corticosterone (CORT). 1, 2 Although acute increases in CORT levels are known to suppress food intake, chronic elevations in CORT levels could contribute to obesity (reviewed by Dallman et al. and la Fleur 3, 4 ). Increases in CORT through chronic stress paradigms can stimulate food intake by decreasing CRH levels through negative feedback mechanisms. 5 On the other hand, a drastic reduction in CORT levels that is achieved by adrenalectomy can prevent body weight gain. [6] [7] [8] Taken together, these studies suggest that CORT has an important function in obesity and, therefore, understanding the effect of an HF diet on the HPA axis becomes important.
In this study, we used a diet-induced obese (DIO) and dietresistant (DR) rat model that was developed by Levin et al. 9 Unlike single mutation genetic models of obesity (for example ob/ob or db/db), the DIO and DR rat model is selectively bred to carry the polygenic susceptibility or resistance to obesity, respectively. As a result, DIO rats develop hyperinsulinemia, hyperleptinemia, impaired glucose tolerance, and increased weight gain and adiposity, hence serving as a more realistic model of human obesity. 10 A few studies have examined the effect of HF diets on the HPA axis in Sprague-Dawley as well as DIO and DR rats. [11] [12] [13] The HF diets used contained varying amounts of fat ranging from 20 to 40%. These studies reported increases in HPA activity by measuring CORT as a marker of HPA activation. However, the mechanism by which HF diet exposure stimulates the HPA axis is not clearly understood.
Several neurotransmitters and neuropeptides are known to be involved in the regulation of CRH neurons.
14 Norepinephrine (NE) is one such neurotransmitter that stimulates CRH neurons in the PVN to activate the stress axis. [15] [16] [17] Noradrenergic innervation to the PVN is provided by brainstem noradrenergic neurons that are in the A1 (ventrolateral medulla), A2 (nucleus of the solitary tract), and A6 (locus coeruleus) cell groups. However, possible differences in central noradrenergic activity between DIO and DR rats have not been studied in detail, especially after HF diet exposure. Besides NE, CRH, and CORT, other hormones such as leptin could also have an important function in the development of diet-induced obesity. Leptin is known to suppress food intake, and leptin insensitivity or lack of leptin results in an obese phenotype. 18, 19 Therefore, leptin insensitivity could be another potential cause for diet-induced obesity. Different investigators have identified the critical function of leptin action primarily in the hypothalamus and have shown that lack of leptin sensitivity in the area leads to increased food intake and weight gain, but leptin's action in the brainstem in relation to the HPA axis and obesity has not been explored. Leptin receptors are found in various brainstem nuclei including A1, A2, and A6. [20] [21] [22] As leptin has been observed to modulate HPA activity, [23] [24] [25] [26] it is possible that leptin's direct effects in the brainstem may be involved in diet-induced obesity. Therefore, we placed DIO and DR rats on an HF diet containing higher levels of fat (45%) or chow diet for 6 weeks, measured serum leptin levels, and investigated changes in important components of HPA axis. These include NE levels in the PVN, which contains CRH neurons, CRH levels in the median eminence (ME), which contains terminals of CRH neurons, and CORT levels in the serum. We also measured changes in the gene expression of tyrosine hydroxylase (TH), the rate-limiting enzyme in the synthesis of NE in brainstem noradrenergic nuclei as they provide noradrenergic innervations to the PVN. Further, we also studied the effect of an HF diet on leptin receptor gene expression in brainstem noradrenergic nuclei to determine whether lower expression of leptin receptors could contribute to brainstem leptin insensitivity in diet-induced obesity. (D12451; Research Diets Inc., New Brunswick, NJ, USA). The body weight of animals was recorded at the beginning and at the end of treatment. In one group of animals, food intake was monitored at weekly intervals. At the end of the 6-week period, the rats were killed at 1000 hours, and their brains were collected, frozen in dry ice, and stored at À70 1C. The combined weight of different fat pads such as epididymal, retroperitoneal, and abdominal were also measured. Trunk blood was collected, serum was separated, and stored at À20 1C until RIA for CORT measurement and ELISA for leptin.
Materials and methods

Animals
Palkovits' mirodissection Palkovits' microdissection procedure was used to isolate the PVN, ME, and brainstem noradrenergic nuclei from tissue sections, as described before. 27 Briefly, the brain and brainstem were sectioned serially in 300 mm increments using a cryostat (Slee Mainz, London, UK). The sections were transferred to microscope slides and placed on a cold stage maintained at À10 1C. PVN, ME of the hypothalamus, and brainstem noradrenergic nuclei (A1, A2 and A6) were microdissected with the help of a stereotaxic atlas. 28 Care was taken to include all subdivisions of the nuclei from multiple serial sections. The ME was stored as such at À70 1C until analysis for CRH concentrations using ELISA. The PVN Diet-induced obesity and stress axis AC Shin et al was stored in 0.1 M HClO 4 at À70 1C and analyzed for NE concentrations using HPLC-EC. Punches of brainstem noradrenergic nuclei were used for RNA extraction as described below.
HPLC-EC
NE concentrations in the PVN were measured by HPLC-EC. The HPLC-EC system and the details of the mobile phase have been described earlier. 27, 29, 30 At the time of HPLC analysis, microdissected tissue samples were thawed and homogenized in 150 ml of 0.1 M HClO 4 using a microultrasonic cell disruptor (Kontes, Vineland, NJ, USA) and centrifuged at 10 000 g for 10 min. The supernatant (120 ml) was mixed with 30 ml of the internal standard (0.05 M dihydroxybenzylamine) and 125 ml of this mixture was injected into the HPLC system. A total of 25 ml of the internal standard was added to each sample to monitor between sample variations. In addition, 25 ml of mixed standards containing NE was injected for every seven samples. The sensitivity of the system was o1 pg.
Radioimmunoassay
A double antibody RIA for CORT was performed using a tracer and standards from Diagnostic Products Corp. (Los Angeles, CA, USA) and primary and secondary antibodies for the assay were generated in our laboratory. The sensitivity of the assay was 25 pg ml -1
. The intra-and inter-assay variability (%CV) was 3.6 and 5.1%, respectively. A double antibody RIA for rat leptin was performed using leptin RIA kit from Linco Research Inc. (St Charles, Missouri, USA). The sensitivity for the kit was 0.5 ng ml -1 . The intra-and interassay variability was 3.3 and 4.3%, respectively. The samples (50 ml) were assayed in duplicates according to the manufacturer's instructions and as described earlier. 31 RNA extraction RNA was extracted from the brainstem punches using multienzymatic liquefaction of tissue total nucleic acid isolation system (Ambion Inc., Austin, TX, USA) according to the manufacturer's protocol. Using the multi-enzymatic liquefaction of tissue mix provided in the kit, the tissue was digested. After on-bead Turbo DNAse digestion (Ambion), the RNA was eluted in a volume of 500 ml. First strand cDNA was synthesized by reverse transcribing 250 ng of total RNA using superscript III first strand synthesis supermix for qRT-PCR (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.
Quantitative RT-PCR
The real-time quantitative PCR mix consisted of 1 Â Platinum SYBR Green PCR Master Mix (Applied Biosystems, Foster city, CA, USA) and 300 nM of forward and reverse primers. A total of 2.5 ml (equivalent of 50 ng of singlestranded cDNA) of the RT reaction was used for quantification of b-actin mRNA, TH mRNA, and leptin receptor (ObRb) mRNA. A 115-bp product for rat TH (Gen Bank accession no. NM 012740) was amplified using the following primers: forward, 5 0 -CTACCAGCCTGTGTACTTTGTGTC-3 0 ; reverse, 5 0 -CAGTGTGTACGGGTCAAACTTC-3 0 ; and a 121-bp product for rat ObRb mRNA (Gen Bank accession no. D 84550) using the primer set: forward, 5
0 -GAGAGGCTGCTGAAA TCGTC-3 0 and reverse, 5 0 -CTCCTGAGCCATCGAGTCTC-3 0 . A 146-bp product of rat b-actin (GenBank accession no. NM 031144) was amplified using the following primer set: forward, 5 0 -ATCATGAAGTGTGACGTTGACAT-3 0 and reverse, ELISA Serum leptin levels were measured using a commercial ELISA kit (TiterZyme Kits, Assay Design, Ann Arbor, MI, USA). The sandwich-type assay was performed according to the manufacturer's specifications and the color generated by the reaction of peroxidase and the substrate was detected at 450 nm using an ELISA microplate reader (ELX 800, BioTek Instruments, Inc., Winooski, VT, USA). The sensitivity of the kit was 46.7 pg ml -1 . Intra-and inter-assay variability were 5.7 and 7.2%, respectively. Serum leptin levels were expressed as ng ml -1 . CRH EIA kits (Phoenix Pharmaceuticals, Inc., Belmont, CA, USA) were used to determine CRH protein levels in the ME of the hypothalamus according to the manufacturer's instructions. The sensitivity of the kit was 0.33 ng ml -1 . Intra-and inter-assay variability was 5 and 12%, respectively. An aliquot of the homogenate was used for protein determination as described below. CRH levels were expressed as ng mg -1 protein.
Protein assay
Tissue homogenate samples (20 ml) of PVN and ME were used in duplicate in the protein assay. Protein levels were Diet-induced obesity and stress axis AC Shin et al determined using a microbicinchoninic acid assay (Pierce, Rockford, IL, USA). Absorbance of each sample was obtained at 562 nm using an ELISA reader. Intra-assay variability was 3.2% and inter-assay variability was 4.5%. NE and CRH were expressed as pg mg -1 and ng mg -1 protein, respectively.
Statistical analysis
Differences in average caloric intake, body weight gain, PVN NE, and ME CRH concentrations, changes in TH and leptin receptor gene expression, and serum CORT and leptin levels after different dietary treatments were analyzed by two-way ANOVA followed by post hoc Bonferroni-Dunn test. Weekly caloric intake between different groups was analyzed by repeated measures ANOVA followed by post hoc Fisher's LSD test. Significant mean difference between groups was set at Po0.05.
Results
Calorie intake
Average calorie consumption per week in the different groups is shown in Figure 1a . Calorie intake (mean ± s.e.;
kcal) in chow-fed DIO and DR rats remained fairly stable throughout the observation period. In the first week, DIO rats (both on chow and HF) consumed more calories (610.7±16.3 and 767.9±16.4, respectively) than DR rats on regular chow (492.2 ± 4.2; Po0.05). Calorie intake in DIO rats on HF declined significantly to 667.1 ± 14.8 on week 2 and remained at that level for the rest of the observation period. Similarly, in DR rats that were on HF diet, calorie intake dropped from 653.5 ± 20 in the first week to 579.9±22.5 in the second week and remained at that level for the rest of the observation period. The average calorie intake ( Figure 1B ) was significantly different (Po0.001) between the groups during the entire observation period except between the DIO chow and the DR-HF group. Calorie intake in DIO-fed HF was the highest (691.95 ± 16.7) followed by chow-fed DIO group (621.6 ± 2.8), HF-fed DR group (582.98±16.8), and the chow-fed DR group (503.11 ± 6.6).
Body weight gain
Body weight gain (mean±s.e.; g) in DIO and DR rats fed with regular chow or HF diet is shown in Figure 2 . DIO rats exhibited a significantly higher body weight gain compared with DR rats whether they were fed chow (165.5±4.8 vs 96.6 ± 5.9; Po0.05) or HF diet (188.3 ± 6.1 vs 135.6 ± 4.1; Po0.0001) for 6 weeks.
Adipose tissue weight
Visceral adipose tissue (mean ± s.e.; g) in DIO and DR rats that were fed regular chow or an HF diet for 6 weeks is shown in Figure 3A . Visceral adipose tissue weight in chow-fed DIO rats (13.5 ± 1.1) was significantly higher than chow-fed DR rats (5.2±0.2; Po0.05). After being exposed to 6 weeks of HF diet, DIO rats had more adipose tissue deposition (22±1.6) Figure 1 (A) Calorie intake: weekly calorie intake (mean ± s.e.; kcal) in DIO and DR rats placed on chow or HF diet for 6 weeks is shown in A). * indicates significant differences from corresponding chow-fed group. Average calorie intake (mean ± s.e.; kcal) over the entire observation period is shown in (B). a indicates significant difference from the corresponding DR counterpart; b indicates significant difference from the corresponding HF-fed group; and c indicates significant difference from the DR-chow group. Po0.0001.
Figure 2
Body weight gain (mean ± s.e.; g) of DIO and DR rats after 6 weeks of chow or HF diet (n ¼ 6-8 per group). Weight gain is calculated by subtracting the initial body weight from the final body weight. a indicates significant difference from the corresponding DR counterpart; b indicates significant difference from the corresponding HF-fed group; and c indicates significant difference from the chow group of the opposite phenotype. Po0.0001.
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Serum leptin
Serum leptin levels (mean ± s.e.; ng ml -1 ) in DIO and DR rats exposed to either chow or HF diet are shown in Figure 3B . Leptin levels in chow-fed DIO rats were not significantly different from that in chow-fed DR rats. However, 6 weeks of HF exposure significantly increased serum leptin levels in DIO rats (8.93±0.73) compared with DR rats (3.67±0.38; Po0.0001) and the chow-fed DIO rats (3.0 ± 0.18; Po0.0001). In contrast, HF exposure did not alter leptin levels in DR rats when compared with chow-fed rats.
NE concentrations in the PVN, CRH concentrations in the ME, and CORT in serum Changes in the NE concentrations (mean±s.e.; pg mg -1 protein) in the PVN of the hypothalamus in DIO and DR rats after chow or HF diet are shown in Figure 4A . There were no significant differences in PVN NE concentrations between chow-fed DIO and DR rats. However, 6 weeks of HF exposure significantly elevated PVN NE levels in DIO rats (81.2 ± 15.9) compared with chow-fed DIO rats (17.4 ± 2.3; Po0.001). Similarly, 6 weeks of HF exposure significantly elevated PVN NE levels in DR rats (69.7 ± 22.2) compared with their chow-fed counterparts (18.9 ± 2.7; Po0.01). NE levels were increased in both DIO and DR animals after HF diet and there was no difference between these two groups. Figure 4B shows changes in CRH levels (mean ± s.e.; ng mg -1 protein) in the ME of DIO and DR rats. As with NE levels in Figure 4 (A) Effects of 6 weeks exposure of chow on NE levels in the PVN of DIO and DR rats. NE concentrations (mean±s.e.; pg mg -1 protein) were significantly higher (Po0.001) in HF-fed animals compared with chow-fed rats. There were no differences between DIO and DR rats in this response. (B) CRH concentrations in the ME (mean ± s.e.; ng mg -1 protein) after 6 weeks of chow or HF diet exposure in DIO or DR rats (n ¼ 6-8 per group). (C) Serum CORT (mean ± s.e.; ng ml -1 ) in DIO and DR rats after 6 weeks of chow or HF diet exposure (n ¼ 6-8 per group). a indicates significant difference from the corresponding DR counterpart; b indicates significant difference from the corresponding HF-fed group; and c indicates significant difference from the chow group of the opposite phenotype. Po0.001. ; Figure 4C ) were also not different between DIO and DR rats when fed a chow diet similar to the trend observed in CRH levels. However, HF diet significantly increased CORT levels in DR rats (351.3±80.4) compared with chow-fed DIO and DR rats (131.72±17.8 and 104.3 ± 21.0 respectively; Po0.001). In contrast, HF diet did not alter serum CORT levels in DIO rats.
TH mRNA expression in brainstem noradrenergic neurons TH mRNA values were expressed as the ratio of TH mRNA:bactin mRNA in the A1 (ventrolateral medulla), A2 (nucleus tractus solitarius), and A6 (locus coeruleus) noradrenergic regions in the brainstem ( Figure 5 ). HF-fed DIO group had significantly higher expression of TH mRNA compared with the chow-fed DIO group in the A1 region (0.16 ± 0.03 vs 0.09±0.02 in HF-fed vs chow-fed groups, respectively; Po0.05). In addition, the HF-fed DIO group had significantly higher TH expression compared with either chow-fed DR (0.09 ± 0.02) or HF-fed DR groups (0.10 ± 0.02; Po0.05). There were no significant differences in TH gene expression in the A2 and A6 regions.
ObRb mRNA expression
Gene expression of the long-form functional leptin receptor (ObRb) in the A1, A2, and A6 brainstem noradrenergic regions is shown in Figure 5 . There were no significant differences in ObRb expression in the three brainstem noradrenergic regions.
Discussion
There is a clear link between obesity and altered HPA axis activity in the literature. Patients with hyperadrenocorticism (Cushing's disease) are obese and have elevated glucocorticoid levels. 32 Central infusion of glucocorticoids is known to increase food intake and body weight 33 contributing to obesity. Moreover, in vitro studies have shown that glucocorticoids promote the differentiation of preadipocytes to adipocytes, thereby promoting obesity. 34 Taken together, Diet-induced obesity and stress axis AC Shin et al these studies suggest that glucocorticoids can have a significant function in obesity. In this study, we hypothesized that HF diet would increase HPA activity more in DIO compared with DR rats and lead to the development of obesity. Although there was a significant increase in body weight gain in DIO rats compared with DR rats, there were several important differences in HPA function between these two models. Six weeks of HF exposure significantly increased NE levels in the PVN, CRH levels in the ME, and serum CORT levels in DR rats. However, HF exposure incited a different HPA response in DIO rats. Although NE levels increased in the PVN, it did not result in a corresponding increase in either CRH or serum CORT levels. HF exposure also increased TH gene expression in the A1 region in DIO rats, but not in DR rats. These results show for the first time that there is clear dissociation within the stress axis between PVN NE, CRH in the ME, and serum CORT in DIO rats after chronic HF diet exposure.
The reason for this discrepancy in HPA function between DIO and DR rats is not clear. Central leptin insensitivity can be considered as a possible cause because there is enough evidence to indicate that elevations in leptin levels can suppress HPA activity. Although earlier studies attributed a stimulatory function for leptin on the HPA axis, since 1997, a substantial body of evidence indicates that leptin suppresses the HPA axis activity. 24, [35] [36] [37] [38] [39] Recent studies suggest that this effect could be mediated by decreasing NE levels in the PVN. 23, 26, 29 The results from this study indicate that chronic exposure to an HF diet increases body weight in both DIO and DR rats; however, the increase in leptin levels is only seen in DIO rats. The increased caloric intake in DIO rats ( Figure 1 ) and the accompanying visceral adipose tissue deposition ( Figure 3A ) is a likely cause for the elevated leptin levels in these animals. However, the increased serum leptin levels in HF-fed DIO rats did not decrease NE levels in the PVN in this group as expected. There are two possible mechanisms that are likely to produce this effect. Banks and coworkers have suggested that increases in serum triglycerides, which is always seen with consumption of an HF diet, binds circulating leptin molecules, preventing them from crossing the blood-brain barrier causing a false central perception of decreased circulating leptin levels. 40, 41 As a result, there could be an increase in hypothalamic NE levels. On the other hand, an increase in molecules such as free fatty acids, that are elevated in HF-fed animals, can increase HPA activity. 42, 43 This could be another mechanism by which HF diet exposure stimulates NE activity in both DIO and DR rats. Either one or both of these possibilities could have contributed to the changes observed in NE levels in this study. Although DIO and DR rats had elevated NE levels in the PVN after HF diet, a corresponding increase in CRH levels in the ME was observed only in DR animals that were on HF diet. This resulted in increased serum CORT levels in DR rats, whereas DIO animals do not have elevated CORT levels. The positive relationship between NE levels in the PVN, CRH levels in the ME, and serum CORT has been described earlier. 44, 45 Data from this study indicate that this direct positive relationship is maintained in DR rats, but not in DIO animals. This suggests that apart from the possible leptin insensitivity, CRH neurons in DIO animals are not sensitive to the elevated NE concentrations observed in the PVN. Although the exact mechanism by which this occurs is not clear, there is some evidence to indicate that reduced a 2 -adrenoceptor binding in the PVN could have a function in this effect. 46 The decreased expression of a 2 -adrenoceptors on CRH neurons could explain the failure of CRH stimulation despite the increases in NE levels in HF-fed DIO rats. TH mRNA expression increased significantly in DIO animals that are on HF compared with chow-fed rats in the A1 region of the brainstem. Although the reasons are unclear, the lower glucocorticoid levels in DIO rats could be a possible contributing factor for this increase. Although A1, A2, and A6 nuclei have been suggested to provide noradrenergic innervation to the hypothalamus using retrograde tract-tracing techniques, the predominant noradrenergic innervation to the PVN comes from the A1 nucleus. 17 These neurons are sensitive to levels of circulating hormones. Adrenalectomy can stimulate TH neurons in the brainstem; 47 on the other hand, chronic increases in serum CORT levels have no effect on TH neurons in the brainstem. 48 This is probably why TH mRNA expression is unaffected in DR rats placed on an HF diet. Moreover, there are direct connections between the PVN and brainstem that could also have a function in the stimulation of these neurons. 2 The lack of activation of CRH neurons in the PVN of DIO animals could be an important contributing factor for the increased TH mRNA expression in A1 neurons in DIO rats. In contrast to TH mRNA levels, leptin receptor mRNA levels were unaffected in brainstem neurons in all treatment groups. Leptin receptor (ObRb) mRNA levels in DIO rats on HF diet remained unchanged in spite of marked increases in serum leptin levels in these animals. There is evidence that HF diet-induced increase in circulating triglycerides could bind to leptin and might prevent it from crossing the bloodbrain barrier. 40 It is possible that a similar phenomenon may have prevented leptin from crossing the blood-brain barrier and thus ObRb mRNA expression was unaffected in DIO rats placed on an HF diet.
The inappropriate response to a chronic HF diet observed in DIO animals is in agreement with other studies that have shown a similar reaction in response to various stressors. 12, 13 DIO rats invariably have lower CORT and CRH levels in response to stress paradigms. 13 Moreover, this study used a chronic paradigm with HF diet exposure for 6 weeks. The HPA response may be different if animals are exposed to HF diet for shorter periods of time. In fact, the inability of DIO rats to respond appropriately to an HF diet may be the result of chronic exposure to an HF diet. Therefore, studying HPA axis activity after shorter durations of HF exposure is essential to determine whether HF diet precipitates obesity Diet-induced obesity and stress axis AC Shin et al and if the HPA axis has an important function in the development of this condition.
In conclusion, this study provides evidence that significant changes occur in all the arms of HPA axis function between DIO and DR rats in response to feeding an HF diet. Although the results presented here suggest that reduced leptin sensitivity in the brainstem could be a cause, inflammation associated with obesity could be another potential cause of alterations in HPA activity. In obesity, there is an increase in the expression of proinflammatory cytokines/adipokines such as IL-6 and TNF-a. 49, 50 These mediators have been shown to stimulate HPA activity. 51 However, there is no clear evidence whether HF diet exposure per se increases the levels of these cytokines. Although activation of the stress axis could contribute to obesity, we need to consider that obesity and associated changes in metabolism may prevent the stress axis from being activated as seen in DIO rats on an HF diet. This is probably an adaptive mechanism that occurs over a period of time after persistent elevation in stress hormone levels.
Monitoring stress axis activity in these animals at earlier time points would provide useful information about this phenomenon.
